Phosphatase and tensin homolog (PTEN), a negative regulator of the mammalian target of rapamycin (mTOR) pathway, is widely involved in the regulation of protein synthesis. Here we show that the PTEN protein is enriched in cell bodies and axon terminals of purified motor neurons. We explored the role of the PTEN pathway by manipulating PTEN expression in healthy and diseased motor neurons. PTEN depletion led to an increase in growth cone size, promotion of axonal elongation and increased survival of these cells. These changes were associated with alterations of downstream signaling pathways for local protein synthesis as revealed by an increase in pAKT and p70S6. Most notably, this treatment also restores b-actin protein levels in axonal growth cones of SMN-deficient motor neurons. Furthermore, we report here that a single injection of adeno-associated virus serotype 6 (AAV6) expressing siPTEN into hind limb muscles at postnatal day 1 in SMND7 mice leads to a significant PTEN depletion and robust improvement in motor neuron survival. Taken together, these data indicate that PTEN-mediated regulation of protein synthesis in motor neurons could represent a target for therapy in spinal muscular atrophy.
INTRODUCTION
Spinal muscular atrophy (SMA) is a devastating motor neuron disease and represents one of the most common genetic diseases leading to death in childhood (1) . It is caused by mutations or deletion of the telomeric copy (SMN1) of the survival motor neuron (SMN) gene, leading to depletion of SMN protein levels (2) . The disease is currently incurable and no effective disease-modifying treatments exist. Axonal and neuromuscular junction abnormalities are prominent pathophysiological alterations in SMA (3 -6) . It has been shown that reduction in Smn levels in zebrafish embryos causes axon-specific pathfinding defects in motor neurons (3) . A similar finding of specific axonal defects was reported in Smn-deficient murine motor neurons (4) . Reduced axon growth in Smn-deficient motor neurons correlates with reduced b-actin protein and mRNA levels in growth cones (4) , suggesting that SMN is essential for the transport of mRNA within motor neurons and that disruption of this function leads to the axonal defects in SMA models (4) . The exact molecular pathogenesis of SMA is unknown. The SMN protein plays a crucial role in snRNP assembly in every type of cell, including neurons. We hypothesize that intrinsic molecular signaling pathways may play a crucial role in axonal growth in motor neurons via regulation of protein synthesis. The tumor suppressor protein phosphatase and tensin homolog (PTEN) appears to be an important target based on its role in controlling the Ser/Thr kinase mammalian target of rapamycin (mTOR), which is a master regulator of protein synthesis and cell growth.
Recent studies demonstrate that the protein phosphatase activity of PTEN can regulate cell migration, spreading and growth (7) . PTEN is widely expressed in mouse central nervous system (CNS) and preferentially in neurons (8) . PTEN localizes to both the nucleus and cytoplasm of neuronal † These authors contributed equally to this work. and glial cells (8 -10) . Significant progress has been made in exploring the broader role of PTEN in the CNS. A recent study has reported the potential of PTEN depletion to promote axonal regeneration in an experimental model of optic nerve injury (11) . In addition to its normal functions such as neuronal migration (12, 13) and neuronal size control (14) , PTEN protein is involved in pathological processes surrounding neuronal injury such as those associated with brain ischemia, neurological and mental disorders (14) (15) (16) (17) (18) (19) .
Here we have generated a lentiviral vector encoding siRNA targeted against the PTEN gene and successfully used it to reduce the level of this protein in purified motor neurons. We demonstrate that PTEN depletion enhances axon growth in these cells. This treatment also restores b-actin protein levels in axonal growth cones of SMN-deficient motor neurons, indicating PTEN-mediated regulation of protein synthesis in motor neuron. Furthermore, adeno-associated virus serotype 6 (AAV6)-siPTEN delivery into hind limb muscles in SMND7 mice (20) , a widely used animal model of SMA, leads to robust PTEN depletion in spinal motor neurons and prevents motor neuron death.
RESULTS

Lentiviral vector-mediated efficient depletion of PTEN in motor neurons
PTEN is widely expressed in the mouse CNS. However, little is known about the expression of endogenous PTEN in spinal motor neurons. To analyze the localization pattern of the PTEN protein in motor neurons, we evaluated the protein expression using anti-PTEN antibodies in E13 primary motor neurons. We found that the PTEN protein localizes within the motor neuron cell body (Fig. 1A) but is also enriched in axonal growth cones and dendrites (Fig. 1A-C ) leading us to hypothesize that PTEN may control the growth cone size and axonal elongation. We next assessed the ability of RNA interfering expression from lentivirus (LV) vectors to mediate downregulation of PTEN protein expression in wild-type spinal motor neurons. A 19 nt PTEN target sequence (19) was selected for generating an siRNA PTEN green fluorescent protein (GFP) vector that mediates the expression of PTEN siRNAs (21) . A scrambled PTEN target sequence was subcloned into the lentiviral . PTEN knock-down increases phosphorylation of IKK, AKT and BAD, but not MAPK, and influences survival and axon outgrowth. Primary motor neurons from E13 CD1 mice were cultured with or without inhibitors (LY294002 10 mM or rapamycin 10 mM). (A) Representative pictures of western blotting revealing that PTEN silencing in motor neurons leads to elevation of IKK, AKT and BAD phosphorylation, but no effect on MAPK was detected. (B) Quantification of western blot data at 7DIV. Changes in the Akt pathway were inhibited by PI3 kinase inhibitor LY294002 (10 mM), but not rapamycin 10 mM. Results represent the mean + SEM from four independent experiments. * P , 0.05, tested by one-way ANOVA. Cells incubated with LV-siPTEN exhibit a significant increase in survival (C) and axon length (D). Survival (percentage of originally plated cells) and average length of the longest axonal branches were scored at 7DIV. These effects of PTEN downregulation on survival and length are inhibited by PI3 kinase inhibitor, 10 mM LY294002. Note that rapamycin reverses the axonal length increase but not survival. Results represent the mean + SEM of pooled data from four independent experiments. * * P , 0.01, * * * P , 0.001, tested by one-way ANOVA.
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PTEN depletion promotes motor neuron survival and axonal growth
We next explored whether PTEN controls motor neuron survival and axonal growth in purified motor neurons ( Fig. 2C and D). Motor neurons incubated with LV-siPTEN, but not with LV-ssiPTEN control, showed significantly increased survival ( Fig. 2C ) (P , 0.001, n ¼ 4 independent experiments). To assess the effects of RNAi treatment on axonal growth, motor neurons were fixed after 7 days in culture and axon length measured. Interestingly, axonal processes were significantly longer in LV-siPTEN-treated cells compared with controls ( Fig. 2D ) (P , 0.001, n ¼ 4, .100 cells per condition assayed). These results indicate that PTEN depletion promotes survival and axonal growth in spinal motor neurons.
Activation of Akt by PTEN depletion promotes motor neuron survival
To objectively determine the exact intrinsic mechanisms promoting survival and axonal growth in motor neurons, we assessed potential changes in PTEN signaling pathways. It has been reported that the depletion of PTEN in cultured rat hippocampal neurons and mouse brain led to increased levels of phophorylated Akt (15, 19) . Consistent with these reports, our data revealed that purified motor neurons with reduced levels of PTEN show elevated Akt phosphorylation as assessed by immunostaining and western blot analysis (Supplementary Material, Fig. S1 and Fig. 2A and B). On the other hand, there is no change in MAPK phosphorylation following PTEN depletion ( Fig. 2A and B) . The Akt phosphorylation and enhanced motor neuron survival observed here were inhibited by the PI3K inhibitor, LY294002, but not by rapamycin ( Fig. 2A-C ). LV-siPTEN-mediated PTEN downregulation also results in increased phosphorylation levels of IKK and Bad in motor neurons. Together, these data reveal further evidence that modulation of PTEN can activate Akt-downstream pathways and thus exert its survival-promoting effect in motor neurons.
Activation of PTEN/mTOR pathway increase in growth cone size
Axon elongation, but not motor neuron survival, was inhibited by the mTOR inhibitor rapamycin ( Fig. 2C and D) (P , 0.001, n ¼ 4, .100 cells per condition assayed). One of the major targets of mTOR kinase is ribosomal p70S6 kinase, which in turn phosphorylates ribosomal protein S6 via S6K. We investigated this activity of the mTOR pathway, and this experiment revealed that LV-siPTEN increased the growth cone size which is correlated with an elevation in phosphorylation of p70S6K ( Fig. 3C-E) . LV-siPTEN also led to an increase in pS6K and pS6 levels as shown by western blot experiments ( Fig. 3A and B) , indicating that the increase in growth cones size observed following PTEN silencing is mediated by the activation of the PI3K/mTOR pathways which could be due to an increase in translation activity.
Pten depletion restores b-actin protein level in SMN-deficient motor neurons
We next examined the effect of PTEN depletion within diseased motor neurons, using purified motor neurons from a mouse model of SMA (4, 22) . This in vitro model has been widely used to explore disease pathophysiology in SMA (4, 22, 23) . The depletion of PTEN led to a robust increase in axonal elongation in E13 Smn 2/2 SMN2 motor neurons (P , 0.001, n ¼ 4, .60 cells per condition assayed) (Fig. 4A) . Notably, LV-siPTEN-mediated specific PTEN knock-down caused a significant increase in survival and growth cone size when compared with control motor neurons ( Fig. 4B and E) . Similar observations were made in motor neurons isolated from Smn +/+ mice ( Fig. 4B and E) . These changes were associated with significant protein translation regulation at the growth cone as revealed by increased levels of pS6 and actin protein (Fig. 4C) . The b-actin protein has been shown to be locally translated in axonal growth cones (24) , and reduced axonal translocation and translation for the b-actin mRNA has been shown to be a key pathological alteration in motor neurons from Smn-deficient mouse models (4) (Fig. 4C) .
PTEN downregulation allowed the restoration of b-actin protein levels in the growth cones of motor neurons (Fig. 4C ) in the absence of any alteration in b-actin mRNA levels (Supplementary Material, Fig. S2 ). These data suggest that the beneficial effect of PTEN knock-down does not increase the amount of mRNA in the growth cone area but results from an increase in the translation which was assessed by the S6 activity (Fig. 4D) . This is consistent with previous results showing that mTOR controls the translation of neuronal proteins (25, 26) .
PTEN depletion enhance survival of motor neurons in SMND7 mice AAV6 vectors can access spinal motor neurons via retrograde transport from axon terminals in the skeletal muscle. To explore the efficacy of PTEN gene silencing on motor neuron survival in the SMND7 mouse model (20), AAV6-siPTEN or AAV6-ssiPTEN vectors were injected unilaterally into the hind limb gastrocnemius at postnatal day 1 (PN1). SMND7 transgenic mice develop a severe phenotype only a few days after birth, first by a decrease in their body weight, then by motor neuron degeneration at 9 days of age. As the disease progresses, they also develop proximal muscle weakness and atrophy, resulting in end-stage paralysis and death at 14 days of age (20) . As we never established quantitatively the potential of AAV6 vectors to transduce motor neurons in mice with nerve degeneration, we first evaluated their gene transfer efficiency to motor neurons in the SMND7 mouse model. The AAV6 vector genome includes the human pol III H1 promoter driving the transcription of the PTEN shRNA target sequence and the GFP reporter gene downstream from a CMV promoter.
At 10 days after injection of an AAV6 vector unilaterally in the hind limb muscles in 1-day-old SMND7 mice, extensive reporter gene expression was observed in the lumbar spinal cord (Fig. 5A) . When staining for calcitonin gene-related
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peptide (CGRP) to identify the motor neurons more directly, we found that 40% of CGRP-positive motor neurons were transduced (Fig. 5C ). Retrograde transduction of spinal motor neurons with AAV6-siPTEN resulted in a significant reduction in PTEN expression compared with control transduced cells as revealed by anti-PTEN staining (Fig. 5A ).
The effect of PTEN depletion on the number of motor neurons in the spinal cord was evaluated 10 days post-vector delivery. Histological evaluation of the lumbar spinal cord revealed that retrograde delivery of siRNA against PTEN in SMND7 mice induced significant sparing of spinal motor neurons, with a notable .35% increase in motor neuron survival (Fig. 5A ). Cell counts revealed that the percentage of CGRP-positive motor neurons was significantly higher in AAV6-siPTEN-treated mice than in AAV6-ssiPTEN control mice (137.3 + 7.5 versus 101.2 + 9.4% CGRP-positive motor neurons normalized to the uninjected side; n ¼ 3; P , 0.05; Fig. 5B ). This increase in survival appears confined to AAV6-siPTEN-transduced motor neruons, and only the subpopulation of motor neurons that stained positive for the reporter gene GFP showed increased survival (Fig. 5C ). The number of untransduced motor neurons was similar in both groups (Fig. 5D ). Histological analysis showed strong GFP staining in AAV6-injected gastrocnemius muscles (Supplementary Material, Fig. S3 ). These data indicate the therapeutic potential of PTEN pathway modulation for the treatment of motor neuron disease.
DISCUSSION
In summary, our data indicate that the modulation of PTEN plays an important role in promoting survival and axonal growth in healthy and diseased motor neurons. Our approach achieves significant improvement in cell survival and growth cone size in Smn-deficient and healthy motor neurons, suggesting that PTEN depletion effects were not specific to diseased cells. However, it is worth highlighting that the most significant increase in growth cone size was reported in Smn 2/2 motor neurons. Our studies also reveal that activation of the mTOR pathway is sufficient to trigger protein translational regulation leading to robust axonal growth as assessed by the increase in b-actin protein level. Our data suggest that modulation of the PTEN/mTOR pathway also restores the specific pathological effects in motor neurons from a mouse model of SMA (Supplementary Material, Fig. S4 ).
We also report here that intramuscular delivery of AAV6 expressing siRNA against PTEN can achieve substantial improvement in motor neuron survival in the SMND7 model of SMA. There is growing evidence that PTEN has an important 
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Human Molecular Genetics, 2010, Vol. 19, No. 16 role in CNS disorders (reviewed in 27). A previous study has reported the potential of PTEN depletion to promote axonal regeneration in an experimental model of optic nerve injury (11) . Although PTEN and Akt have been reported to be important for neuronal survival, this is the first report to demonstrate the role of the PTEN pathway in axonal growth and motor neuron survival in a disease model. Thus, the manipulation of the PTEN/ mTOR pathway may represent an important therapeutic strategy to promote the health of the distal axon and motor neuron survival in SMA and probably also other forms of motor neuron disease. ′ -CGATTTCCAAAAACGCAATATTCAATCG AGGATCTCTTGAATCCTCGATTGAATATTGCGGGGGA were used to generate the control LV-ssiPTEN vector. This approach allowed us to generate a stem -loop (21)-stem shRNA to effectively reduce PTEN expression levels.
MATERIALS AND METHODS
siRNA design and viral production
The third generation of self-inactivating (SIN) lentiviral vector stocks involving four plasmids (pMD.2G, pCMVDR8.92, SIN-W-PGK, pRSV-Rev) were prepared by transient calcium phosphate transfection of the human embryonic kidney 293T cell line as previously described (29) . These vectors were pseudotyped with the vesicular stomatitis virus-G envelope protein. Viral titers were estimated using the p24 capsid protein measured by enzyme-linked immunosorbent assay (29) . AAV6 production has been performed as described in Gregorevic et al. (30) .
Motor neuron culture
Cultures of embryonic spinal motor neurons were prepared essentially as described in Wiese et al. (22) . Briefly, the ventrolateral part of the E13 spinal cord was dissected and incu- bated for 15 min in 0.05% trypsin in Hanks' balanced salt solution. After trituration, cells were plated on dishes pre-coated with anti-p75 NGF receptor antibody (Abcam, ME20.4, ab8877) in Neurobasal (Gibco) for 30 min. The cells were washed three times with Neurobasal, and the attached cells were isolated from the plate with depolarizing solution (0.8% NaCl, 35 mM KCl) and collected in full media [Neurobasal supplemented with 2% horse serum, 1× B27 (Gibco) and 1× Glutamax (Gibco)]. For staining, 2000 cells were plated on poly-DL-ornithine (Sigma) and mouse laminin (Invitrogen) coated coverslips in 4-well dishes (Greiner) and processed as described below. For survival assays, 1500 cells were plated without coverslips in 4-well dishes coated with poly-ornithine and mouse laminin. Cells were observed under a phase-contrast microscope (Leica) and the number of initially plated cells was determined after the cells were attached 6 h after plating. After 7 days of culture, the number of surviving cells was counted. For western blots 200 000 cells were plated on three 5 cm cell culture dishes (Falcon) also coated with poly-ornithine and mouse laminin. For all assays, brain-derived neurotropic factor was used at concentrations of 5 ng/ml and motor neurons were cultured for 7 days at 378C with 5% CO 2 .
Medium was replaced after 24 h and then every 2 days. For some experiments, inhibitors were used at 10 mM concentrations (rapamycin and LY294002, from Calbiochem).
Animals
All the procedures involving animals were performed according to the UK Home Office regulations. SMND7 mice (20) were purchased from The Jackson Laboratory (stock #005025) and were maintained in a controlled facility in a 12 h dark/12 h light photocycle with free access to food and water. Carrier animals were used for breeding and the offspring were genotyped immediately after birth by PCR amplification of the transgenes according to the protocols provided by The Jackson Laboratory. AAV6-siPTEN (n ¼ 3) or AAV6-ssiPTEN (n ¼ 3) vectors were injected unilaterally into the hind limb gastrocnemius and levator auris longus muscles of SMND7 mice at PN1. AAV6 vectors ( 10 11 vector genome) were delivered under isoflurane general anesthesia. The mice were then allowed to recover, rolled in the sawdust from their original cage and immediately returned to their cage. Animals were terminally anesthetized with penthobarbital at PN10. Relevant tissues were fixed in 4% PFA for 48 h, then cryoprotected in 30% sucrose and mounted in optimal cutting temperature. Spinal cord sections of 20 mm thickness were prepared on a sliding cryostat microtome (Leica) and collected onto gelatine-coated microscope slides. Immunohistochemistry was then performed with rabbit anti-CGRP (1:3000; Sigma-Aldrich) and mouse anti-PTEN (1:200; Cell Signaling) followed by goat antimouse Cy3 (1:200; Jackson Laboratories) and goat anti rabbit FITC (1:200; Jackson Laboratories).
Motor neuron counts
Lumbar spinal motor neurons were identified using anti-CGRP antibodies. Serial sections of L1-L6 spinal cord were used for cell counts of total CGRP-positive cells in injected and contralateral sides of AAV6-siPTEN (n ¼ 3) and AAV6-SsiPTEN (n ¼ 3) mice. The percentage of total motor neurons (CGRP positive) in the treated side was normalized by the uninjected side. Transduced motor neurons were identified by the reporter marker GFP. We therefore counted the number of GFP-positive motor neurons in both AAV6-siPTEN and AAV6-SsiPTEN control. The percentage of GFP positive motor neurons was normalized by total motor neuron (CGRP-positive cells) number in the treated side. The percentage of GFP-negative motor neurons (untransduced motor neurons) on the injected site was normalized by total motor neuron number.
Immunocytochemistry
Immunocytochemistry was performed as described previously (4) . The following primary antibodies were used: rabbit polyclonal antibodies against pAKT ( 
Western blot analysis
Primary motor neurons were transduced with lentivirus for 5 days with or without inhibitors (10 mM LY294002 or rapamycin, both Calbiochem) and collected from the dishes. Protein extraction for western blotting was performed as described previously (4) . Primary antibodies, anti-mouse GAPDH antibody (1:5000; Calbiochem), anti-rabbit PTEN (1:1000; Cell Signaling), AKT (1:1000; Cell Signaling), Bad (1:1000; Cell Signaling), MAPK (1:1000; Cell Signaling), pAKT ser473 (1:1000; Cell Signaling), p-Bad ser155 (1:1000; Cell Signaling), p-Bad ser112 (1:1000; Cell Signaling), IKKa (1:1000; Calbiochem), pIKK (1:1000; Calbiochem), S6K (1:1000; Cell Signaling), pS6K (1:1000; Cell Signaling) and pS6 (1:1000; Cell Signaling) were used.
In situ hybridization
All solutions and equipment were treated with 0.1% diethylpyrocarbonate (Sigma) and autoclaved. All washes were at room temperature unless stated otherwise. Motor neurons were cultured for 5 days in vitro and fixed for 15 min in 4% paraformaldehyde. Coverslips were washed three times in PBS (pH7.4) and permeabilized in 0.3% Triton X-100 in PBS for 30 min. Coverslips were then washed three times with PBS for 15 min each. Pre-hybridization was performed in hybridization buffer (Sigma) for 1 h at 378C. Cells were hybridized overnight with 100 ng/ml GreenStar biotin oligonucleotide probe against b-actin mRNA (Gene Detect, antisense probe). Hybridization with sense probe and poly(dT)-control were also performed simultaneously. Cells were washed twice at 568C with 1× SSC + 10 mM DTT, followed by 0.5× SSC +10 mM DTT twice and equilibrated in tris buffered saline tween-20 (TBST). Cells were incubated with streptavidin-horseradish peroxidase (DAKO) at a dilution of 1:100 for 20 min, then washed three times with TBST for 5 min each. The signal was amplified by incubating with biotinylated-tyramide (DAKO) for 20 min at room temperature followed by washing three times with TBST. Finally, the cells were treated with avidin-rhodamine at a dilution of 1:100 for 15 min and coverslips were mounted on a slide using Mowiol. Pictures were taken with a Leica SP2 confocal microscope and quantification was performed with the LAS AF Lite Software (version 2.0.2_2038, Leica).
Data analysis
Axons of motor neurons were identified by their length as processes that are at least twice as long as dendrites. Only the longest axonal branches were measured. Cultures obtained from mutant and control embryos from different litters were analyzed after staining under a confocal microscope (SP2, Leica), and axon length was measured from pictures using imaging software (Leica Confocal Software, Leica). Background intensity was measured for every single picture and subtracted. The final processing of all images was performed with Photoshop 7.0 (Adobe). Values from at least three independent experiments were pooled and the results were expressed as the mean + SEM. Statistical significance of differences was assessed by one-way analysis of variance and Bonferroni's post-test after using Prism software (GraphPad).
